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1. Introduction 
 Imaging became one of the most emerging experimental techniques in neutron physics, because it is a  
fascinating method in this topic. Inspired by x-ray techniques, light optics and other neutron scattering 
methods it is one of the few methods which allow both, real images and Fourier transform images if scat-
tering methods are used. [1] - [7].  Therefore the field of applications are widespread and manifold, and 
the requirements concerning a special application may differ quite a lot from each other. The introduction 
of polarized neutrons to imaging  opened a large field of applications where neutrons are doubtless the 
superior radiation, because x-ray imaging cannot reach the sensitivity of interaction with magnetic fields 
as the neutron spin does. Thus in the recent past imaging with polarized neutrons were already successful-
ly applied to investigate magnetic fields, domains and magnetic phase transitions. [8]-[13]. 
 Very recently superconductors of type I and II were investigated concerning the Meissner phase and 
the intermediate state with respect to flux trapping/flux pinning using polarized neutron radiography [13]. 
Some of the so-called old problems in superconductivity are still unsolved, one of them is to explain the 
intermediate state of superconductor type I and magnetic flux trapping or pinning in this state. The phys-
ics of the intermediate state, i.e. the simultaneous presence of normal and superconducting parts in a sam-
ple is therefore  still subject of numerous publications, and can be traced back to the late 1930s when 
Landau [14]  proposed for this state alternating layers of superconducting and normal phases, whereas 
their thickness is greatest in the inner part of the body. Because there is no unique theory which describes 
sufficiently well this state e.g. different surface structures, imaging techniques help to describe and ex-
plain experimental results [15]-[26]. The most modern observations are performed with high-resolution 
magneto-optical methods, which all are surface observations, only. The samples under investigation are 
usually thin slices, more two-dimensional than real three-dimensional objects, and it is well known that 
sample size  and magnetism are closely connected with each other, seen e.g. for magnetic domains. The 
same holds for type-II superconductors, where the penetration of magnetic fields occurs in the Shubnkov 
phase with so-called flux lines (Abrikosov lines) which are much less than 1μm in diameter. Up to now 
imaging such flux lines with polarizes neutrons is not possible. However, it is possible if small angle 
scattering comes into play, where the scattering process can be used as imaging signal as was in principle 
already shown in [27]. 
  
 
2. Theory 
 
The velocity of neutrons used for imaging is usually rather slow (v ~ 1000m/s), i.e. one can describe 
them - with de Broglie's famous formula - as waves having a wavelength . From Quantum mechanics it 
is known, that neutrons as Fermions have a spin S = S(t)  that behaves in a magnetic field B like a small 
magnet and its motion is given by 
 
N
jj
g S(t) (t) j x, y,z
h
dS(t) B
dt              (1) 
where μN = 5.05078×10-27 [J/T] is the nuclear magneton, g = 3.8260 the Landé-factor for neutrons, h = 
Planck constant,  = h/2 . The motion of the spin in the magnetic field B corresponds to a rotation of a 
vector around B having a Larmor frequency L = L.B.  L is the gyromagnetic ratio of the neutron,  
L = -1.83247x108.rad. s-1.T-1. If   =  /t is the angular velocity and  the rotation angle for the time t, one 
can write the spin  rotation angle L.t, and with L = L.B one gets  =  L.B.t . Thus the rotation angle 
 depends only on the size of B (and not of the direction of B) and the interaction time t of the spin with 
B. One has to note, that the amount of B determines the size of  not the degree of depolarisation P. Be-
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cause cold neutrons behave like classical bodies, the interaction time t = travelling time of the neutron 
through B can be written as t = s/v = path length through B/velocity of the neutron, which becomes with 
de Broglie's relation  v = h/(m. ) a function of  B, path length "s" and wavelength 
  
L m(B,s, ) B s
h
                    (2) 
 This equation is the basis of imaging with polarized neutrons to calculate  the total angle  of the spin 
rotation due to the transmission path "s" in a magnetic field B. In order to know s, ) for all paths 
through B = B(x,y,z) neutrons have to be polarized. This can be done  either by total reflection at magnet-
ized ferromagnetic layers using the fact that the angle of total reflection  differs for spin up and spin down 
neutrons. The same principle uses a so-called bender where a set of parallel wafers coated with ferromag-
netic layers enlarges the active beam width. One also can use an Heusler crystal (i.e. an alloy of e.g. 
Cu2MnAl) using the fact that the magnetic scattering lengths for one spin direction cancels the nuclear 
ones, while the other spin  direction is Bragg reflected. Another method to polarize neutrons uses 3He 
filters with the advantage of supplying a broad wave length band [28]-[29], but on the  costs of a lower 
polarization than one can reach with super mirrors. An entirely different technique to "classical" neutron 
imaging uses the Ramsey principle which is quite similar to neutron spin echo method, in both cases the 
spin dependent interaction with a magnetic field is derived from the change of the Larmor precession 
[30].   
 
 Once the spin orientation is selected one has to know the path of the neutrons until, through and be-
hind the sample and the path towards the spin analyzer. In front of the sample a guide field ( ~  a few mT) 
keeps spin direction behind the polarization unit constant, in the sample (and around of it due to applied 
magnetic fields) the neutron spin "sees" different orientated B fields and thus starts to precess around 
them (if the rotation of B is much smaller than the Larmor precession of the neutron the spin follows B, 
i.e. one has an adiabatic transition). The spin analyzer behind the sample and close in front of the 2D 
detector acts like a polarizing filter  known from optics, with the difference that the "90°-orientation" of 
the optical analyzer with respect to the optical polarizer corresponds to the "180° - orientation" of the 
analyzer to the neutron spin polarizer. The two-dimensionally registered intensity is the two-dimensional 
map of depolarized neutrons that passed through sample and spin analyzer. In order to determine a mag-
netic field  1 2 3B B(x , x ), x inside and outside of a sample one has to know the path integrals to determine 
. A very elegant method to determine these path integrals is using the Radon transform of 
1 2 3B B(x , x , x )  as [13], [31], [32] . For a slice {x2, x3}, x1=const. on can write  
 
 
1x const 1 2 3 2 3 2 3
R B B(x , x , x ) (p x cos( ) x sin( )) dx dx (3)                              
  
 
p defines the path through B if a ray traverses B under the angle  and is scanned over the three-
dimensional function B forming a projection fˆ (p, ). From R{B} one can determine with equation (2) the 
number of spin rotations and thus amount and shape of a trapped/pinned field {B}. The intensity meas-
ured with a two-dimensional detector is given by  
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spin
0
path
0
path
att
spinatt
I (x,z)I (x,z)
I (y,z)I (y,z)
1I(x, z) I (x, z) T exp( (s)ds) 1 cos (x, z)
2
1I(y, z) I (y, z) T exp( (s)ds) 1 cos (y, z)
2
                                                    4
 
           
 
 
 is the linear attenuation coefficient of the neutrons along the path through the sample, T < 1 takes into 
account all other interaction that reduces the intensity I0 and yields as Iatt the amplitude of an oscillating 
cosine - function.  Ispin describes intensity oscillations due to the spin rotation in B. The determination  of  
Ispin  involves the knowledge of all possible paths of neutron through the sample in order to calculate  
B.ds. These path integrals were calculated using only one projection of the Radon Transform R{B} for a 
given  angle  as 
 
 
0, const 0
90, const 90
ˆR B f (p, ) B(x,z) (p x cos( ) z sin( )) dx dz
ˆR B f (p, ) B(y,z) (p y cos( ) z sin( )) dy dz (5)                      
  
In order to investigate a sample with respect to the Meissner phase and a possible intermediate state R0 
and R90  are measured for the sample orientations 0° (parallel to the neutron beam) and 90° (perpendicular 
to the neutron beam. (Fig.1).  
 
 Fig.1  Orientation of the sample (cylinder) with respect to the neutron flight direction (arrow) and corresponding projections (upper 
part: 0°, lower part 90° - orientation. (scale [mm], gray scale: 0 ~ 0 pentration, 100 ~ full penetration ). 
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The pure magnetic contribution must be separated from the nuclear interaction, which is in the case of 
superconductivity easy to realize because all effects occur below the critical temperature Tc, i.e.  a 
comparison between images above and below Tc yields the pure magnetic interaction. The calculation of 
the two-dimensional projections I(x,z) and I(y,z) was done for the Meissner phase (with the presence of 
the external Bext) inside and for the intermediate state (with Bext off) inside and outside of the sample. 
The calculations base on the experimental results and on the boundary conditions of the underlying 
physical problem, i.e. one has to find a B = B(x,y,z) that fulfils equations (5) and yield (4).  
 
3. Experiments and results 
 
 Several special samples of superconductors type I (lead, Pb) and type II (Niobium, Nb) were investi-
gated with respect to the Meissner effect (Meissner phase) and magnetic flux trapping/pinning.  All ex-
periments  were performed with the new set-up PONTO (polarized neutron tomography) at the BER II 
reactor of the Helmholtz Centre Berlin, Wannsee, details concerning this instrument were already pub-
lished [33]. The overall polarization P of the neutron beam was 85(5)%, the horizontal and vertical spatial 
resolution in the case of polarized neutrons was  ~ 300μm × 300μm, with un-polarized neutrons it was 
less 100μm × 100μm. The Pb samples were single crystals and polycrystalline cylinders (12mm in diame-
ter, 30mm and 20mm in length), the Nb samples were slices (45mm in diameter and 2.8mm in thickness).   
 The investigations at low temperatures T < Tc and  T > Tc were performed with a conventional 
cryostat where the samples were kept in special holders as shown in Fig.2a and Fig.2b and placed in the 
neutron beams as indicated in Fig.1. 
           
 
Fig.2a  Sample holder for Nb samples with 
Helmholtz coils 
Fig.2b  Sample holder for Pb samples 
  
     The cooling procedure was performed in several steps, first the samples were cooled down from room 
temperature to 8K or 11K well above the critical temperature of  Tc(Pb) = 7.19K and Tc(Nb) = 9.3K, 
respectively. For the experiments concerning the Meissner phase an external magnetic field Bext = 6.4mT 
was applied to the samples and after a waiting time of app. 3 hours radiographies were recorded yielding 
the flat field images for further image processing. Then the samples were cooled down to T = 5.5K, well 
below Tc and again after a waiting time of three hours radiographies at different (higher) T were recorded 
(for each T the exposure time was three hours). The images were post-processed by removing background 
and non-magnetic image contributions, and by taking the 8K (11K for Nb) images as flat field ones.  
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 The Pb samples showed different behavior depending on whether they were single crystals (mosaic 
spread 1.7°) or polycrystalline samples and despite the fact of a high purity (99.9999%) and homogeneity, 
tested by ultra small angle neutron scattering. In the case of single crystals one could observe in the 
Meissner phase the expulsion of the applied magnetic field Bext = 6.4mT (produced by the Helmholtz 
coils), see Fig.3a, in the case of the polycrystalline sample only a part was expelled, a part was trapped 
(Fig.3b). In Fig.3b (polycrystalline sample) one already could suggest that a certain part of the applied 
field was already trapped in the sample, due to a pattern inside the sample that vanished  (as the fringes) 
for T = 7.4K and 8K (The flux trapping could be observed when the external field was switched off, see 
below).   
 
 
Fig.3a  Pb single crystal: Meissner effect, Bext =  6.4mT,  
the magnetic field is expelled for T < Tc. 
Fig.3b Pb polycryst. sample, Meissner effect, Bext = 6.4mT, pattern  
vanishes for T = 7.4K  > Tc = 7.2K;   
 
     If the polycrystalline sample was kept at  T < Tc and rotated around any axis the expelled flux 
geometry changed with  respect to the polarized beam due to the altered geometry of the sample expelling 
(partially) Bext. This can be seen from Fig.4 for different  orientations (45°, 90° and 135°) of the sample 
with respect to the B-field, for spin up  and spin down, and thus an evidence for the presence of the 
Meissner phase. Due to the low polarisation P ~ 85% and the fact that a spin rotation of an angle  does 
not necessarily lead to a complete inversion of the corresponding gray values in the images, the spin 
down images in Fig.4 were not so significally different to the spin up images. The questions was whether 
the whole Bext field was expelled from or if a part was trapped in the sample.  
In Fig.4 the sample temperature T was kept  below Tc and the external field was still switched on. It 
seemed obvious but it could be visualized (not shown here) that in the case of flux trapping (flux pinning) 
the trapped flux is fixed to the sample, and the trapped flux rotates with the sample if T < Tc.  In the case 
of the polycrystalline sample one could suggest (from images in Fig.4) that the Meissner effect was not 
complete, but a part of the Bext was trapped/pinned in the sample. 
In order to get an impression of shape of the trapped and expelled flux several three-dimensional models 
were created and for the 0° and 90° orientations of the sample the corresponding images (radiographs) 
calculated. Fig.5 and Fig.6 show some of the results. For the calculation the paths "s" of the neutron 
 W. Treimer et al. /  Physics Procedia  43 ( 2013 )  243 – 253 249
(spin) through B the integrals equations (4) were used to calculate the intensity distributions I((x,z) and 
I(y,z), respectively (equations (3,4)). With equation (2) one can determine the number of spin rotations 
which depends on ( , , )B x y z ds . The calculations of the trapped flux yielded a magnetic field which has 
Gaussian shape and is centered around the rod axis. The FWHM of the Gaussian function was app. 
4.2mm and the amount of the trapped B = 4.6mT < Bext.  Assuming that the sum of the trapped and 
expelled field must not exceed Bext, the expelled field could be fitted with a 1/R - function to the 
experimental observed one (see Fig.5). 
 
 
(a)   
(b)   
Fig.4  Pb polycrystalline: Rotation of the sample in the Meissner phase (T < Tc, external 
B field = 6.4mT (on); upper row = spin up, bottom row = spin down neutrons. During 
the rotation of the sample the expelled flux changed its shape causing a change of the 
path integrals (equs.5) and thus different depolarization patterns due to altered spin 
rotations. 
Fig. 5 Pb polycrystalline sample in the 
Meissner phase, (a) calculated and (b) 
measured radiography (see text).  
      
 
In Fig.5a the calculated and the measured images were superimposed, the calculated image is enhanced 
displayed. The number in Fig.5a  are the number of pixels (1 pixel = 0.042μm): 600.37  ~ 25.82mm. For 
the calculations of the image in Fig.5a equations (2) - (5) were used. The Radon transform of the expelled 
B (equation (5) ) yields the  amount of  B (equation (2). To do this one has to assume appropriate 2D 
functions that can represent B in a correct physical manner and fit them to the experimental results. In this 
paper  only the amount of  B  and the  FWHM of a 2D Gaussian function  were varied in order to find the 
best agreement with the experimental data. The 2D Gaussian function centered around the rod axis of the 
sample was set zero inside the sample so that outside the sample the decay of B could be fitted best to the 
measured image. The expelled field (Fig.5) followed then a 1/R function having the maximum in the road 
axis, but was set zero inside the sample. Comparing experimental result with the model calculations led to 
flux distribution which is shown in Fig.6. 
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Fig.6 Calculated flux distribution in the polycrytsalline lead sample. Inside the sample  B is largest in the rod axis and at the surface 
(inside) B ~ 0.  
  
The  comparison with experimental results showed also a high sensitivity of the FWHM of the flux distri-
bution on the (observed) fringe pattern (Fig.7a and 7b). From the results Figs.5, 7a, and 7b one could 
reconstruct a 3D trapped field as shown in Fig.6. In order to yield a good fit for the trapped flux a 2D  
Gaussian function was varied with respect to |B| and the  FWHM as shown in Fig.7a.  
 
 
 
 
 
 
 
Fig.7a Pb polycrystalline sample: Calculated  trapped flux 
distribution:  variation of  the FWHM of the Gaussian function, 
best agreement with fringe patter of  Fig.7b is achieved for   
FWHM = 4.2mm. 
Fig.7b Pb polycrystalline sample: Radiography with polarized 
neutrons, height: 12.7mm, length  ~  22mm.  Nearly parallel 
stripes indicate a non-homogeneous flux trapping, scale [mm] 
(see text). 
 
 
 The Nb samples have been investigated within a previous series [34] and a nearly totally suppressed 
Meissner effect was observed. The demagnetization factor N was 0.8837 and thus Bc for T = 5.5K well 
below the critical field Bc = 11mT, Tc(Nb) ~ 9.25K. For the experiments the samples were kept in special 
holders as shown in Fig.2. The cooling and warming up procedure was the same as applied to the Pb-
samples. The resulting imaging are collected in Fig.8a and  Fig.8b. The underlying question for these 
experiments was the Meissner state and possible flux trapping in the sample  for  T < Tc for two different 
surface treated sample and their  influence on the Meissner state. 
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Fig.8a  Flux trapping in Nb sample, surface was  untreated, 
samples shows  for  T < Tc  a very inhomogeneous and T- 
dependent  magnetic flux trapping which vanishes for T > TC, 
(images are of the same part of the sample (20mm x 20mm). 
Fig.8b Flux trapping in Nb sample, surface treated, shows  for 
T< Tc a small homogeneous magnetic flux trapping  (see arrow)  
which vanishes for T > TC  (see text and  Fig.9), (images are of 
the same part of the sample (20mm x 20mm). 
 
 
 Within a series of radiographs one could prove with polarized neutron imaging a (nearly) complete 
suppression of the Meissner phase indicating that the flux was kept in the sample. In the case of imaging 
the flux pining/trapping the external field Bext = 6.4mT was switched off and in different temperature 
steps warmed up until 11K.  Both samples got different surface treatments, i.e. one of the samples got a 
BCP (buffered chemical polishing: Hydrogen fluoride (HF) 48%, Nitric acid (HNO3) 65%, Phosphoric 
acid (H3PO4) 85% at the ratio of 1:1:2), the surfaces of the other sample were untreated which led to a 
different trapped flux distribution in the intermediate state. One could observe these different behavior by 
visualizing different local flux trapping for the un-treated and treated sample which could be clearly at-
tributed to superconductivity effects, because the difference occurred if the temperature was lowered 
below the critical Tc and vanished for both samples for T > Tc (see Fig.8a and 8b).  
 
  In Fig.8a and 8b the surface of the sample discs were perpendicular orientated to the incident 
neutron beam. Due to the short path through the sample of 2.8mm and the small amount of the trapped 
field (maximum was 6.4mT) one can calculate for these values a spin rotation of approximately  ~185°, 
which is a spin rotation from e.g. spin up to spin down. This does not agree well with the observed pattern 
in the case of the untreated and treated surface (Fig.8a and 8b), and in the first case one has apparently a 
similar effect as was observed for the lead samples, where  the trapped field was squeezed around the rod 
axis. Here macroscopic defects, such as the hole or opening in the samples might favor such a trapping 
behavior but it is certainly a surface effect which could be removed by polishing and etching. Therefore 
to  calculated an image as it was done for the lead samples (Fig.7a) is for Fig.8a  quite difficult to realize 
because of the strong asymmetry of the pattern. Surprising was the result of the treated sample (Fig.8b), 
because only 100μm were removed from each side of the sample. Fig.9 shows the "improved" image due 
to etching yielding a much homogeneous field trapping and again a temperature dependency. The external 
magnetic field was switched off when the sample was warmed up from T = 5.5K in steps up to 11K, the 
located flux trapping  occurs around an opening of the sample and changes its size at T = 9K < Tc = 
9.25K, in order to disappear for T = 10K.  
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Fig.9 Flux trapping in Nb sample, etched surface, Bext = off, note the change of trapping  as a function of temperature.  
For T = 10K  > Tc the pattern  in the upper region of  the images T = 5.5K and T = 9K vanishes, (images are of the same part of the 
sample (20mm x 20mm). 
 
 
Summary 
 
With polarized neutron imaging the Meissner effect and flux trapping in the intermediate state in lead and 
niobium samples could be visualized and in the case of the polycrystalline lead sample quantified. Based 
on the radiographies with polarized neutrons a reliable model of  the trapped flux  in cylindrically shaped 
polycrystalline lead samples could be found. These samples got a high purity of 99.9999% Pb and were 
extreme homogeneous, which was tested with ultra small angle neutron scattering. In the Meissner phase 
for  T < Tc only a part of the applied external field was expelled a rest was trapped in the sample. The 
trapped and the expelled  fields could be calculated  in such a way that the calculated radiographies 
agreed perfectly with the measured ones. The different surface treated niobium samples suppressed nearly 
completely the Meissner effect, but showed a different flux pinning for the un-treated and treated surface. 
In the case that from each side  ~ 100μm were removed by etching, flux trapping occurs much more ho-
mogeneous than in the un-treated sample, an effect that uniquely is attributed to the phase transition in 
superconductors.   
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